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Central Asian Orogenic BeltThe Chinese Altai is one of the most typical segments of the Altai-Mongolia terrane, of which the tectonic evolu-
tion and afﬁnity are hotly disputed and still not well constrained. Early Paleozoic metasedimentary rocks are ex-
tensive in the Altai-Mongolia terrane and their provenance is a key to unravelling the tectonic history of this
terrane. Metasediments from Kulumuti Group were collected from the central Chinese Altai for geochemical
study. They have low Chemical Index of Alteration (CIA = 52–54) and high Index of Compositional Variability
(ICV = 0.81–1.19) values, different from the mature post-Archean Australian average shale (PAAS), indicating
relatively weak chemical weathering and a source compositionally dominated by immature material that lacks
alumina-rich minerals. These rocks are moderately enriched in light rare earth element (LREE) and show rela-
tively ﬂat heavy rare earth element (HREE) patterns (LaN/YbN = 2.36–9.80, GdN/YbN = 1.31–2.45). Compared
with PAAS, they mostly have lower large ion lithophile element concentrations (e.g. Rb, Sr, Ba, Th, U and Pb)
and similar contents of high ﬁeld strength elements (e.g. Zr, Hf and Y), but with lower Nb and Ta. The
metasediments have high Rb concentrations (N50 ppm), relatively high K2O (N1.1 wt.%) and low REE contents
with negative Eu/Eu* anomalies, indicating that these rocks were derived from an acid-intermediate igneous
source. The rocks have slightly enriched Nd isotopic compositions with calculated initial εNd(t) values mostly
ranging from−4.3 to−0.2 and TDM2 model ages between 1.22 and 1.56 Ga. Detrital zircons from two samples
of the Kulumuti metasediments have similar age spectra, dominated by Early Paleozoic to latest Neoproterozoic
zircons (465–576Ma)with a fewolder grains formedbetween 766–972Ma and1321–2572Ma, remarkably con-
sistent with those from the low-grademetamorphic Habahe Group in the western Chinese Altai. In combination
with previous published data, the detrital zircons from Early Paleozoic metasediments in the Chinese Altai dom-
inantly formed between 430–580 and 750–950 Ma, with only a minor population of Meso- to Paleoproterozoic
grains. When compared with adjacent terranes, the age spectrum of the Chinese Altai is most similar to that of
the Tarim Craton. This craton provided Precambrian materials for the Early Paleozoic metasedimentary rocks
now exposed in the Chinese Altai, and therefore suggests that the whole Altai-Mongolia terrane has a close tec-
tonic afﬁnity to the Tarim Craton.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The Central Asian Orogenic Belt (CAOB) was formed by long-lived
accretion of various island arcs, ophiolites, oceanic islands, seamounts,
accretionary wedges and Precambrian microcontinents in a manner
comparable with that of the circum-Paciﬁc Mesozoic–Cenozoicaccretionary orogens (Jahn et al., 2000; Badarch et al., 2002; Windley
et al., 2002; Khain et al., 2003; Xiao et al., 2003, 2004; Dobretsov et al.,
2004; Kröner et al., 2008). As one of the largest Phanerozoic accretion-
ary orogens in theworld, signiﬁcant crustal lateral accretion and vertical
growth are the two most evident features of the CAOB that differ from
classical continent–continent collisional orogens (Sengör and Natal'in,
1996; Jahn, 2004; Windley et al., 2007; Kröner et al., 2014). At present,
three tectonic models, including continued subduction beneath the sin-
gle Kipchak arc, multiple island arcs, and an archipelago, are proposed
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2001; Kuzmichev et al., 2001, 2005; Xiao et al., 2010, 2013). The differ-
ences among thesemodels lie in the interpretations of tectonic afﬁnities
of various terranes dispersed within the orogenic belt, which is crucial
to reconstruct the tectonic evolution of the CAOB. The tectonic afﬁnities
of some terranes, however, are still not well constrained. The Altai-
Mongolia terrane is the most representative terrane in the southern
CAOB (Dobretsov et al., 2004). It consists of the Chinese Altai, the
Mongolia Altai and the Russia Altai, and thus is key to the reconstruction
of the lateral crustal accretion process in the southern CAOB (Buslov
et al., 2001). Although extensive Paleozoic metasedimentary rocks
occur in the Altai-Mongolia terrane, little research on the provenance
of these rocks has been undertaken (Chen and Jahn, 2002; Long et al.,
2007, 2010). The absence of geochemical and geochronological data
for themetasedimentary rocks has greatly hampered the understanding
of the tectonic afﬁnity of the Altai-Mongolia terrane.
Sedimentary rocks contain important information about the compo-
sition, tectonic evolution and growth history of the continental crust
(e.g. Bhatia, 1983; Roser and Korsch, 1986; Cullers and Podkovyrov,
2002; Hofmann, 2005). The geochemical compositions of sedimentary
rocks are closely related to their provenance (Taylor and McLennan,
1985; McLennan et al., 1993) and tectonic setting of the depositional
basin (Bhatia, 1983). During the last few decades, not only pelites and
sandstones, but also low-grade metamorphosed sedimentary rocks
were proven to be suitable for geochemical provenance and crustal evo-
lution studies due to their homogeneity and high abundances of trace
elements (Bolhar et al., 2005; Joo et al., 2005). U–Pb dating of detrital
zircon is another usefulmethod that provides information on the evolu-
tionary history of the source region of the host sedimentary rocks
(Nelson, 2001; Grifﬁn et al., 2004). Therefore, low-grade metamor-
phosed metasedimentary samples were collected from the central
Chinese Altai for geochemical analyses and zircon U–Pb dating in
order to unravel the geological evolution of the Altai-Mongolia terrane.
In this paper, our results provide new constraints on the sedimentary
provenance and tectonic setting, and shed new light on the tectonic
evolution of both the Chinese Altai Orogen and the whole of the Altai-
Mongolia terrane.
2. Geological background and sample descriptions
The Altai-Mongolia terrane is located to the north of the Junggar
Basin, extending along the Erqis Fault from East Kazakhstan, through
Russia and Northern Xinjiang in China to southwestern Mongolia
(Xiao et al., 2004; Windley et al., 2007). The Altai-Mongolia terrane
has been considered as an old microcontinent with a Proterozoic base-
ment (Dobretsov et al., 1995; Hu et al., 2000; Buslov et al., 2001;
Wang et al., 2009; Yang et al., 2011). The Chinese Altai, as the Chinese
part of the Altai-Mongolia terrane, consists of six NW–SE trending do-
mains (e.g. Windley et al., 2002; Chen and Jahn, 2004; Xiao et al.,
2004; Briggs et al., 2007). Except for the two domains to the south of
the Erqis Fault, the other four, including the North Altai, Central Altai,
Qiongkuer and Erqis, cover the main part of the Chinese Altai and are
cited in most studies (Wang et al., 2006, 2010a; Long et al., 2007,
2012; Yuan et al., 2007; Sun et al., 2008; Jiang et al., 2010, 2011; Cai
et al., 2011, 2012a, 2012b).
The Central Altai is the largest in the Chinese Altai (Fig. 1). In this do-
main, the lowermost sedimentary sequence is theHabaheGroup,which
mostly consists of thickmarine-facies terrigenous clastic rocks including
sandstone, siltstone andmudstone (BGMRX, 1993;Windley et al., 2002;
Long et al., 2007). In most areas, the sequence was metamorphosed to
lower greenschist-facies (Windley et al., 2002). Recent U–Pb dating of
detrital zircons and whole-rock geochemical studies on the Habahe
Group suggest that the strata were deposited along an active continen-
tal margin predominately during the Silurian (Long et al., 2007, 2008a,
2010, 2012). The Habahe sequence was originally assigned as Ordovi-
cian to Sinian in age and is overlain unconformably by felsic volcanicrocks of the Dongxileke Formation and marine-facies clastic rocks of
the Baihaba Formation in the northwest, whereas marine-facies
metasediments of the Kulumuti Group unconformably overlie it in the
central part of the Chinese Altai (BGMRX, 1993). To the southwest, the
Qiongkuer and Erqis domains are separated from the Central domain
by a series of thrust faults (Fig. 1). They are mainly composed of late Pa-
leozoic clastic and volcanic rocks which are subdivided into the Early
Devonian Kangbutiebao Formation and Mid-Devonian Altai Formation,
respectively (BGMRX, 1993; Windley et al., 2002). Recent geochemical
studies of the clastic and volcanic rocks suggested that the two forma-
tions were deposited along an active continental margin (Long et al.,
2008b). To the northeast, the North Altai domain is mainly composed
of Devonian to Carboniferous arc-related volcanic rocks (BGMRX,
1993; Windley et al., 2002). All of the Paleozoic sedimentary rocks ex-
posed in the four domains were intruded by Carboniferous arc-related
granitic and maﬁc plutons and Permian post-orogenic granites (Wang
et al., 2006, 2009, 2010a; Briggs et al., 2007; Tong et al., 2007, 2012).
Some small Early Paleozoic granitic plutons (450–460 Ma) occur in
the Qiongkuer and Erqis domains and also show arc-related features
(Helo et al., 2006; Briggs et al., 2007; Yuan et al., 2007; Sun et al.,
2008; Cai et al., 2011).
Rocks of the Kulumuti Group mainly consist of siltstone and sand-
stone that have been pervasively metamorphosed into moderate-
grained mica schist. Twelve gray Kulumuti schists were collected for
this study, of which two samples are prepared for zircon dating. The
schists are composed of recrystallized quartz and plagioclase, with bio-
tite deﬁning the schistosity (Fig. 2). Locally, the occurrence of garnet or
muscovite indicates that the protolith was pelitic and that they are
formed within units interlayered with predominantly continental-
derived quartzo-feldspathic sandstones.
3. Analytical methods
Major and trace elements of ten samples were analyzed at the State
Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geo-
chemistry, Chinese Academy of Sciences, using a Rigaku ZSX100e X-
ray ﬂuorescence spectrometer and a Perkin-Elmer Sciex ELAN 6000
ICP-MS, respectively (Supplementary Table 1). The Nd isotopes of four
samples were analyzed using a Micromass Isoprobe multi-collector
inductively-coupled plasma mass spectrometer (MC-ICP-MS) at the
same laboratory of the same institute (Supplementary Table 2). Two de-
trital zircon samples were separated from the Kulumuti schists and
dated by a Thermo-Finnigan Neptune multi-collector ICP-MS with a
Newwave UP213 laser-ablation system at the Institute of Mineral Re-
sources, Chinese Academy of Geological Sciences (Supplementary
Table 3). Detailed analytical procedures are attached in Appendix A.
supplementary analytical methods.
4. Results
4.1. Whole-rock geochemistry
The schists from the Kulumuti Group have SiO2 contents ranging
from 57.7 wt.% to 63.9 wt.% and show large variations in Al2O3
(9.1–15.8 wt.%), MgO (0.95–2.30 wt.%), CaO (1.64–3.10 wt.%), Na2O
(1.07–3.18 wt.%) and K2O (1.16–3.48 wt.%) contents. Compared to the
composition of the post-Archean Australian average shale (PAAS)
(Taylor and McLennan, 1985), the samples display much higher SiO2
contents and slightly lower TiO2, Al2O3, Fe2O3T, MgO and K2O.
Most schist samples have uniform rare earth element (REE) patterns
in the chondrite-normalized diagram (Fig. 3a), with narrow ranges of La
(mostly 20–37 ppm), Nd (20–33 ppm), Yb (1.62–3.99 ppm) and ΣREE
(94–169 ppm) contents, which are slightly lower than those of PAAS
(Taylor and McLennan, 1985). Most samples are moderately enriched
in LREE (light REE) and show relatively ﬂat HREE (heavy REE) patterns
(LaN/YbN= 2.36–9.80, GdN/YbN= 1.31–2.45). The exception is sample
Fig. 1. Simpliﬁed geological map of the Chinese Altai Orogen, modiﬁed fromWindley et al. (2002). Domains: 1, North Altai; 2, Central Altai; 3, Qiongkuer; 4, Erqis. The inset shows a sim-
pliﬁed tectonicmap of the Central Asian Orogenic Belt (Windley et al., 2007). Abbreviations: AM, Altai-Mongolia terrane; TM, Tuva–Mongoliamicrocontinent; RA, Rudny Altai terrane; GA,
Gorny Altai terrane; TS, Tianshan Orogenic Belt; SG, South Gobi microcontinent.
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prominent negative Eu anomalies (Eu/Eu* = 0.38–0.87), similar to
that of PAAS (0.63, Taylor andMcLennan, 1985). For the trace elements,
most of the samples have lower ferromagnesian elements (e.g. Cr, Co
and Ni) and large ion lithophile elements (LILE, e.g. Rb, Sr, Ba, Th, U
and Pb), similar concentrations of high ﬁeld strength elements (HFSE,
e.g. Zr, Hf and Y) but lower Nb and Ta than those of PAAS (Fig. 3b).
The above geochemical characteristics are consistent with those of the
underlying Habahe Group, but different from those of PAAS, indicating
an immature source for the Kulumuti Group.4.2. Nd isotopic composition
The four schist samples analyzed in this study display variable
147Sm/144Nd ratios from 0.1118 to 0.1738, and the measured
143Nd/144Nd ratios vary between 0.512163 and 0.512559. Except for
sample AL13, calculated initial εNd(t) values range from−4.3 to−0.2
and their TDM2 model ages are mostly between 1.22 and 1.56 Ga
(Fig. 4). The high initial εNd(t) value (+3.1) and young TDM2 model age
(0.96 Ga) of sample AL13 are probably related to the occurrence of
metamorphic garnet which causes variable increase of Sm and Nd
(with high 147Sm/144Nd ratios) and thus a change of their ratios (Jahn
et al., 1996). The εNd(t) values of the Kulumuti samples are signiﬁcantly
higher than those of the Habahe Group but slightly lower than thePaleozoic granites and maﬁc rocks in the Chinese Altai (Fig. 4; Yuan
et al., 2007;Wang et al., 2009, 2010a; Cai et al., 2012a; Long et al., 2012).
4.3. Zircon U–Pb ages
Zircons obtained from the two schist samples are transparent and 80
to 160 μm in size. Based on shape and CL image, the detrital zircons can
be divided into two groups: one group is euhedral prismatic with oscil-
latory zoning and the other group is composed of rounded grains with-
out obvious oscillatory zoning. Although the two groups show different
features, they all have moderate to high Th/U ratios (mostly N0.2, Sup-
plementary Table 3), suggesting an igneous origin. The two dated sam-
ples (AL07 and AL10) (Fig. 5) yielded similar age spectra (Fig. 6), and
most of the zircons have concordant or nearly concordant data except
for some of the rounded grains.
Fifty-four grains from sample AL07 were dated (Supplementary
Table 3; Fig. 5a). The prismatic zircons yielded Early Paleozoic to latest
Neoproterozoic 206Pb/238U ages ranging from 465 Ma to 576 Ma,
which deﬁne an age peak at ~506 Ma and a younger age peak at
~470 Ma (Fig. 6a). Among the rounded zircons, six grains yielded
Neoproterozoic 206Pb/238U ages (781–931 Ma) and two grains gave
Mesoproterozoic 207Pb/206Pb ages (1669, 1977 Ma) and one grain re-
corded a late Neoarchean age (2572 Ma).
Sixty-one grains from sample AL07 were analyzed for U–Pb ages
(Fig. 5b). Prismatic zircons yielded Early Paleozoic 206Pb/238U ages
Fig. 2. Textural characteristics of the Kulumuti metasediments collected from the Chinese Altai. (a) Biotite schist; (b) garnet-bearing biotite schist; (c) ﬁne-grained biotite schist; (d) two
mica schist. Under cross-polarized light. Granoblastic to lepido-blastic texture with biotite deﬁning the schistosity. The abbreviations for minerals: Q, quartz; Pl, plagioclase; Bi, biotite;
Mus, muscovite.
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~516 Ma and a younger minor age peak at ~471 Ma (Fig. 6b). Most of
the rounded zircons yield a range of Neoproterozoic 206Pb/238U ages
(766–972 Ma), whereas seven grains have Mesoproterozoic to late
Neoarchean 207Pb/206Pb ages (1321–2555 Ma).
5. Discussion
5.1. Depositional age of the Kulumuti Group
Although the Kulumuti groupwas originally assigned to theMiddle–
Late Silurian, its depositional age is not well constrained due to the ex-
tensivemetamorphic recrystallization (BGMRX, 1993). In this study, theFig. 3. Chondrite-normalized REE patterns and upper crust-normalized spider diagrams for the
McDonough (1989) and upper crust-normalizing data are from Taylor and McLennan (1985).
Data for the Habahe Group are from Long et al. (2008a).two schist samples yielded similar age spectra with a predominant pop-
ulation formed in the Early Paleozoic (Figs. 5 and 6). The youngest zir-
con population in both samples gave an age peak at ~470 Ma, deﬁning
themaximumdepositional age for the Kulumuti Group. Metasediments
of the Kulumuti Groupwere thus deposited after theMiddle Ordovician,
consistent with the originally assigned depositional age (BGMRX,
1993).
The widespread Habahe Group in the Chinese Altai was considered
to be deposited earlier than the Kulumuti Group (BGMRX, 1993). How-
ever, recent detrital zircon U–Pb dating identiﬁed different age spectra
for the Habahemetasediments exposed in the eastern andwestern Chi-
nese Altai (Long et al., 2007, 2010). The youngest age peak is 438Ma for
the Habahe Group in the western part and 474 Ma in the eastern partKulumuti metasediments. Chondrite and upper crust normalizing values are from Sun and
Fig. 4. εNd(t) versus age diagram for the Kulumuti metasediments and Paleozoic igneous
rocks in the Chinese Altai.
Data are from Chen and Jahn (2002), Xu et al. (2003), Wang et al. (2006, 2009,
2010a), Yuan et al. (2007), Cai et al. (2012a, 2012b) and Long et al. (2012).
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number of ~438Ma prismatic zircons discovered in the eastern, but not
in the western segment of the Chinese Altai, suggest that the Habahe
Group in the east andwest have different provenances and depositional
ages (Long et al., 2010). The eastern Habahemetasediments were prob-
ably deposited earlier than those in the west (Long et al., 2007, 2010).
Therefore, anOrdovician and a Silurian depositional agewere suggested
for the eastern and western Habahe Groups, respectively. In this study,
the results from the detrital zircons indicate a source dominated by
Early Paleozoic igneous material for the Kulumuti Group with an age
peak at 512 Ma. The source characteristics and age distribution of theFig. 5. U–Pb concordia diagrams for detrital zircons from theKulumuti metasediments are similar to those of the Habahe
metasediments in the eastern Chinese Altai. We suggest that the
Kulumuti Group was therefore possibly deposited during the Middle
to Late Ordovician and may be equivalent with the eastern Habahe
Group.
5.2. Chemical weathering
The Chemical Index of Alteration (CIA), the Index of Compositional
Variability (ICV) and the Plagioclase Index of Alteration (PIA) are
frequently-used parameters to deﬁne the weathering characteristics
and source composition of sedimentary rocks (Fedo et al., 1995;
Cullers and Podkovyrov, 2000; Bhat and Ghosh, 2001). The low CIA
values (52–54) of the Kulumuti metasediments in the Chinese Altai in-
dicate that they are not strongly weathered. Sediments with low ICV
values may have been derived frommature sediments with a high per-
centage of clay minerals whereas sediments with high ICV may repre-
sent ﬁrst cycle deposits (Kamp and Leake, 1985). The Kulumuti
metasediments have relatively high ICV values close to 1.0 (Fig. 8),
which suggests that the metasediments were derived from a source
compositionally dominated by immature material and poor in
alumina-rich minerals (Fedo et al., 1995). This conclusion is also sup-
ported by the low PIA values (52–56), because fresh rocks have PIA
values of 50 and the PIA values of clay minerals such as kaolinite, illite
and gibbsite are close to 100 (Fedo et al., 1995). In the ACNK and
AKCN diagrams (Fig. 9), the studied samples plot near the average
gabbro–tonalite–granodiorite line, which implies fresh feldspars in the
source and that the source materials have not experienced signiﬁcant
chemical weathering. These geochemical features of the Kulumuti
metasediments are consistent with those of unmetasomatizedKulumuti metasediments with representative CL images.
Fig. 6. Relative probability plots for detrital zircons from the Kulumuti metasediments. The 206Pb/238U ages are used for zircons b1000 Ma and the 207Pb/206Pb ages are used for zircons
N1000 Ma.
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tonic settingwithout strongly chemical weathering (Long et al., 2008b).5.3. Sedimentary sorting and recycling
Because heavyminerals (e.g. monazite and zircon) generally possess
very high GdN/YbN ratios or Zr concentrations, enrichment of suchmin-
erals during sediment transport can impact on the whole-rock geo-
chemistry (McLennan, 1989). Except for one sample with a GdN/YbN
ratio of 2.45, all other metasedimentary rocks from the Kulumuti
Group have low GdN/YbN ratios (b2.0) plotting in the range of upper
crustal rocks and PAAS (Supplementary Table 1), which therefore indi-
cates no signiﬁcant enrichment of monazite.Fig. 7. Comparing relative probability plots for detrital zircons from the Kulumuti
metasediments and the Habahe Group. 206Pb/238U ages for zircons b1000 Ma and
207Pb/206Pb ages for zircons N1000 Ma are used.The Th/Sc ratios are generally used for tracing the sedimentary prov-
enance, because Th is enriched in silicic rocks relative to basic rocks and
Sc is more enriched in basic than silicate rocks, and the ratio does not
vary signiﬁcantly during sedimentary recycling (Cullers, 1994). In con-
trast, the Zr/Sc ratio will increase considerably during sedimentary
recycling, and thus it can be considered as a useful indicator of zircon
enrichment (McLennan, 1989). The Kulumuti metasediments show rel-
atively small variations in Th/Sc (1.0–2.3) and Zr/Sc ratios (11.9–38.1).
These rocks deﬁne a strong positive correlation in the Th/Sc–Zr/Sc dia-
gram (Fig. 10a), which indicates that geochemical variation was domi-
nated by the composition of the source materials but not sedimentary
recycling with zircon enrichment.
It is well established that U+4 is easily oxidized to U+6 and removed
from the system during weathering, whereas Th remains relatively in-
soluble, hence sedimentary recycling in oxidizing conditions will result
in fractionation of Th and U (McLennan and Taylor, 1980). As a result,
the Th/U ratio increases due to successive cycles of weathering and re-
deposition, and is thus a good indicator of these processes. The Th/U ra-
tios (2.9–4.8) of the Kulumuti metasediments are close to that of PAAS
(4.7), but slightly higher than the average value of the upper crust
(3.8, McLennan and Taylor, 1980), suggesting a relatively simple cycling
history (Fig. 10b). This is consistent with the Rb/Sr ratios of the
Kulumuti samples. In most cases, weathering and diagenetic processes
can lead to a signiﬁcant increase in Rb/Sr ratios, and thus high Rb/Sr
values have been interpreted as an indicator of strong weathering and
sedimentary recycling (McLennan et al., 1993). The relatively low Rb/Fig. 8. CIA-ICV diagram for the Kulumuti metasediments from the Chinese Altai (after
Nesbitt and Young, 1982, 1984). The blue dashed line shows the ﬁeld of the Habahe
Group (Long et al., 2008a). Other symbols are data for Devonian metasediments from
Long et al. (2008b). The PAAS is post-Archean Australian average shale (Taylor and
McLennan, 1985). The arrow shows the weathering trend of the Habahe Group and the
Devonian metasedimentary rocks.
Fig. 9. (a) ACNK and (b) AKCN diagram for the Kulumuti metasediments (after Nesbitt and Young, 1984; Fedo et al., 1995). Data for tonalite (To), granodiorite (Gd), granite (Gr) and av-
erageArchean upper crust are fromCondie (1993). Arrows show the predictedweathering trend of To, Gd andGr. The average of Altai Paleozoic granitoids is fromWang et al. (2006). Data
for Devonian metasediments are from Long et al. (2008b). The abbreviations for minerals: Pl, plagioclase; K-sp, potassic feldspar; Ka, kaolinite; Chl, chlorite; Gi, gibbsite; Sm, smectite;
Il, illite; Mu, muscovite; An, Anorthite; By, bytownite; La, labradorite; Ad, andesine; Og, oligoclase; Ab, Albite.
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ple cycling history.
5.4. Provenance
Potassium and Rb are sensitive to the process of sedimentary cycling
and have been widely used as indicators of source composition (Floyd
et al., 1989). Although the Kulumuti metasediments have a largeFig. 10. Geochemical diagrams showing variations of weathering and source composition for t
et al. (1993); (c) K2O–Rb diagram after Floyd et al. (1989); (d) La/Th–Hf diagram after Floyd arange of K/Rb ratios, the high Rb concentrations (N50 ppm) and rela-
tively high K2O (N1.1 wt.%) indicate that these rocks were derived
from an acid-intermediate igneous source (Fig. 10c). In the La/Th–Hf di-
agram (Fig. 10d),most Kulumuti samples plot in an acidic arc ﬁeld, indi-
cating that the sourcematerials were dominated by felsic igneous rocks.
Generally, sediments evolving from amagmatic arc to a craton inte-
rior or recycled orogen show a progressive increase in La, Ce, Th, U, and
REE concentrations and LaN/YbN ratios, and a decrease in Eu/Eu* valueshe Kulumuti metasediments. (a) Zr/Sc–Th/Sc and (b) Th/U–Th diagrams after McLennan
nd Leveridge (1987). Data for Devonian metasediments from Long et al. (2008b).
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mostly display similar LaN/YbN ratios, total REE contents and REE pat-
terns (Fig. 3), consistent with theHabahe Group exposed in thewestern
Chinese Altai. Different from clastic sediments deposited in craton inte-
riors or recycled orogens, these samples have low La (13.1–31.9), Ce
(33.2–119.3), ΣREE (94–266 ppm) and LaN/YbN (2.4–12.7), with nega-
tive Eu/Eu* anomalies (mean = 0.62). These geochemical characteris-
tics make them distinguishable from the clastic sediments in oceanic
island arcs, but very similar to those of continental island arcs or active
continental margins (Bhatia, 1985). This suggests that the clastic mate-
rial of the Kulumuti metasediments was possibly derived from a conti-
nental island arc source.
The main population of detrital zircons from the Kulumuti Group
formed between 460Ma and 540Ma (Fig. 7c), indicating that the source
of clastic material is dominated by Cambrian to Early Ordovician rocks.
Because of the euhedral shapes and typical cathodoluminescence im-
ages of igneous zircons, we suggest that the Kulumuti metasediments
were most likely derived from nearby igneous rocks without long-
distance transportation, which is also evidenced by their geochemical
features and the chemical weathering and sedimentary sorting charac-
teristics. The sub-dominated Precambrian detrital zircons with
Neoproterozoic 206Pb/238U ages (766–972 Ma) indicate signiﬁcantly
old materials in the source region. Their rounded shapes indicate a
long distance of transportation. Therefore, the metasediments of the
Kulumuti Group were mainly derived from a near source dominated
by Early Paleozoic arc-related rocks and a faraway source composed of
Precambrian igneous rocks. Recent zircon U–Pb dating reveals that the
magmatic rocks in the Chinese Altai mostly formed in the Paleozoic
(Windley et al., 2002; Jahn, 2004; Wang et al., 2006, 2010b; Briggs
et al., 2007; Tong et al., 2007; Yuan et al., 2007; Sun et al., 2008; Cai
et al., 2011, 2012b; Liu et al., 2012a). The oldest granitic pluton and felsic
volcanic rock in the Chinese Altai ware considered to have formed at
479 Ma and 504 Ma, respectively (Windley et al., 2002; Cai et al.,
2011; Yang et al., 2011). Additionally, somewell exposed Early Paleozo-
ic granites have been recently discovered in the southern and central
parts of the ChineseAltai. Consequently, these Early Paleozoicmagmatic
rocks are likely to provide abundant material as the main source of the
Early Paleozoic material of the Kulumuti metasediments. Because the
Neoproterozoic basement rocks were widely exposed in the nearby
Tuva–Mongolia microcontinent (Badarch et al., 2002), we suggest that
the Precambrian material of the Kulumuti Group was most likely
recycled from the microcontinent.
5.5. Implications for the tectonic afﬁnity of the Altai-Mongolia terrane
The Altai-Mongolia terrane is a large terrane within the CAOB, and
thus its tectonic afﬁnity is pivotal to reconstruction of the geological
evolution of the huge Phanerozoic accretionary orogen (Sengör and
Natal'in, 1996; Dobretsov et al., 2004). It was originally considered as
a Precambrian microcontinent rifted from Gondwana in the south,
based on some old whole-rock Sr–Nd–Pb isotopic data of high-grade
metamorphic rocks exposed in the Russian and Chinese Altai (Berzin
and Dobretsov, 1994; Mossakovsky et al., 1994; Dobretsov et al.,
1995). This suggestion seemed to be supported by somenewly obtained
old whole-rock Nd model ages for paragneisses and granitic rocks and
U–Pb ages of inherited zircons from magmatic rocks in the Chinese
Altai, whichwere considered as important evidence of a buried Precam-
brian basement although it was not yet discovered (Hu et al., 2000; Li
et al., 2006; Wang et al., 2009; Jiang et al., 2011; Yang et al., 2011). For
these Precambrian ages, however, there is another interpretation, with
the old clastic detritus recycled from adjacent old blocks (Long et al.,
2010; Jiang et al., 2011).
Our U–Pb dating of Pre-Silurian detrital zircons from the Kulumuti
Group yields age patterns similar to those from both the western and
the eastern Habahe Group, indicating an analogous source (Long et al.,
2007, 2010; Sun et al., 2008). The dominant zircon populations fromboth the Kulumuti metasediments and the Habahe rocks have Early Pa-
leozoic 206Pb/238U ages (460–540 Ma), along with dominantly positive
εHf(t) values (Long et al., 2007; Sun et al., 2008), further indicating
post-Ordovician depositional ages and an Early Paleozoic source with
addition of juvenal material (Long et al., 2010; Jiang et al., 2011). Since
the metasediments consist of both juvenile and evolved materials,
such old Ndmodel ages (TDM= 1.44–1.57Ga) only provide an estimate
of average time elapsed since the material was incorporated into the
continental crust, but there is no direct evidence of Precambrian base-
ment (Long et al., 2010). This interpretation can also be used to explain
the old whole-rock Nd model ages and the U–Pb ages of inherited zir-
cons discovered in the Chinese Altai. In addition, the geochemistry of
the Early Paleozoic sedimentary rocks, including both the Habahe
Group and the Kulumuti Group, reveals that the source materials
underwent only weak chemical weathering and were deposited in an
active tectonic setting, probably in a sedimentary basin close to a mag-
matic arc (Chen and Jahn, 2002; Li et al., 2006; Long et al., 2008a, 2010).
A recent study revealed a large proportion (20–50%) of maﬁc materials
in the source of the Habahe Group, which therefore suggest that the se-
quencewas deposited in a forearc basin, possibly adjacent to the trench
in a subduction zone (Long et al., 2010). Based on comparisons between
the Precambrian age spectra of detrital zircons from themetasediments
and the formation ages of magmatic rocks in adjacent regions, the
Chinese Altai is considered to represent a huge Early Paleozoic
subduction–accretionary complex that developed along the southern
margin of the Tuva–Mongolia microcontinent (Long et al., 2010, 2012;
Jiang et al., 2011).
In our study, the two schist samples have similar age spectra that are
consistent with those from the low-grade metamorphic Habahe Group
in the Chinese Altai (Long et al., 2007, 2010). In order to compare the
provenance of the Early Paleozoic sedimentary rocks in the Chinese
Altai with those from nearby blocks, we have compiled available age
data of detrital zircons from sedimentary rocks exposed in the Siberia,
North China and Tarim Cratons, the Yilgarn and Gawler Cratons in
Western Australia, and the South China, East Antarctica and Northern
India blocks (Fig. 11).
In the North China Craton, the age spectrum is dominated by zircons
formed at 1.7–2.7 Ga with major age peaks at 2.47 and 1.87 Ga (Darby
and Gehrels, 2006; Zhou et al., 2008; Wan et al., 2011; Liu et al.,
2012b, 2013), of which the ~1.9 Ga zircons record the assembly of the
west and east blocks (Zhao et al., 2004; Zhai and Santosh, 2011). The
oldest zircons with an age peak at 3.4 Ga were probably derived from
the oldest basement rocks of the North China Craton. In the Siberia Cra-
ton, the age spectrum is characterized by two Precambrian age peaks at
2.7 and 1.87 Ga (Khudoley et al., 2001; Wang et al., 2011; Gladkochub
et al., 2013). The oldest age peak of the Siberia Craton is related to its
cratonization, whereas the 1.87 Ga age peak is likely due to the assem-
bly of the Columbia supercontinent. In the Tarim Craton, detrital zircons
dominantly formed in three periods (2.6–2.3, 2.1–1.7 and 1.1–0.7 Ga)
with a simple age spectrum characterized by three age peaks at 2.48,
1.88 and 0.84 Ga (Shu et al., 2011; Zhang et al., 2011, 2012; Zhu et al.,
2011; Wang et al., 2013). The major Neoproterozoic age peak of the
Tarim Craton marks a period of magmatism different from the North
China and Siberia Cratons, possibly recording the breakup of Rodinia
(Zhang et al., 2009; Long et al., 2011). Western Australia consists of
two cratons, namely YilgarnCraton andGawler Craton, showing distinct
age spectra (Belousova et al., 2009). The Yilgarn Craton has a simple age
spectrum characterized by two Precambrian age peaks at 2.63 and
1.2 Ga with a small amount of detrital zircons formed between
Eoarchean and Paleoarchean (Cawood et al., 2003; Veevers et al.,
2005; Pidgeon and Nemchin, 2006). The Gawler Craton has developed
multi-periods of Paleoproterozoic magmatic activity with peaks at
2.46, 2.02 and 1.74 Ga, differing from other blocks (Swain et al., 2005;
Belousova et al., 2009). TheMesoproterozoic magmatism in the Gawler
Craton is coeval to that of the Yilgarn Craton, with a similar peak at
1.18 Ga related to the Grenville orogenesis (Belousova et al., 2009). In
Fig. 11. Comparing relative probability plots for detrital zircons from the Paleozoic metasediments in the Chinese Altai and detrital zircons from several other blocks.
Original data are from the references: the Chinese Altai (Long et al., 2007, 2010; and data in this study), the North China Craton (Darby and Gehrels, 2006; Zhou et al., 2008;Wan
et al., 2011; Liu et al., 2012b, 2013), the Siberia Craton (Khudoley et al., 2001; Wang et al., 2011; Gladkochub et al., 2013), the Tarim Craton (Shu et al., 2011; Zhang et al., 2011,
2012; Zhu et al., 2011;Wang et al., 2013), the Yilgarn Craton (Cawood et al., 2003; Veevers et al., 2005; Pidgeon and Nemchin, 2006), the Gawler Craton (Swain et al., 2005;
Belousova et al., 2009), the East Antarctica Block (Bisnath et al., 2006; Clark et al., 2012; Grew et al., 2012; Marschall et al., 2013), the northern India Block
(Decelles et al., 2004; Gehrels et al., 2006; Kaur et al., 2011; McKenzie et al., 2011; Ravikant et al., 2011), and the South China Block (Wan et al., 2007; Wang
et al., 2007, 2010b; Xu et al., 2007; Sun et al., 2009; Yu et al., 2010; Li et al., 2011).
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dominated by late Mesoproterozoic ages with a strong peak at
~1.14 Ga, with minor zircon groups formed at ~2.7 and ~2.45 Ga
(Bisnath et al., 2006; Clark et al., 2012; Grew et al., 2012; Marschall
et al., 2013). The main zircon populations of the northern India Block
have pre-Neoproterozoic age peaks at 2.55 and 1.77 Ga slightly older
than those of the Tarim Craton, with more extensive Neoproterozoic
magmatic records with peaks at 1178, 979 and 609 Ma (Decelles et al.,
2004; Gehrels et al., 2006; Kaur et al., 2011; McKenzie et al., 2011;
Ravikant et al., 2011). The age distribution of the South China Block is
similar to that of the Tarim Craton, characterized by three age peaks at
2.48, 1.85 and 0.8 Ga (Wan et al., 2007; Wang et al., 2007, 2010b; Xu
et al., 2007; Sun et al., 2009; Yu et al., 2010; Li et al., 2011).
When our new data are included with those of earlier studies in the
Chinese Altai, the age spectrum is dominated by detrital zircons formed
at 430–580 and 750–950 Ma, with a minor population in the Meso- to
Paleoproterozoic. Because the East Antarctica Block and the Yilgarn
and Gawler Cratons in Western Australia have extensive Grenville
magmatism but lacks signiﬁcant Neoproterozoic magmatism withpeaks at ~0.8 Ga, the block and the two cratons are excluded from a
provenance for the Early Paleozoic metasediments in the Chinese
Altai. The high proportion of Neoproterozoic zircons and fewer ~1.8
and ~2.5 Ga zircons in the Chinese Altai are distinctly different from
those of the North China and Siberia Cratons, suggesting that the two
cratons were not the main source for Precambrian materials entering
the Chinese Altai metasediments. The Precambrian detrital zircons
from the Tarim Craton, the South China and Northern India Blocks
show comparable age spectra which are similar to those of the Chinese
Altai (Fig. 11), and the three blocks therefore have the potential to
provide Precambrian detritus materials for the Early Paleozoic
metasediments in the Chinese Altai. The Northern India Block can be ex-
cluded because of its Grenvillemagmatism and the older Neoproterozoic
age peak. Recent paleomagnetic reconstruction of theGondwana super-
continent indicated that the South China Blockwas located in the center
of the continent before it broke up, but the Tarim Cratonwas situated in
the northern margin (Li et al., 2008a, 2008b). This suggests that the
Tarim Craton can more easily rift from Gondwana and then drift north-
ward near to the Altai-Mongolia terrane and provide Precambrian
66 Y. Wang et al. / Lithos 210–211 (2014) 57–68materials for the Early Paleozoic metasediments in the Chinese Altai.
Therefore, we suggest that the Tarim Craton is most likely the main
source of old detritus of the Early Paleozoic metasedimentary rocks in
the Chinese Altai, which therefore suggests that the whole Altai-
Mongolia terrane has a close tectonic afﬁnity to the Tarim Craton. Con-
sistent with the detrital zircon study in central Mongolia (Rojas-
Agramonte et al., 2011), including the Tuva-Mongolia Block, the Tarim
Craton afﬁnity of the Altai-Mongolia terrane indicates that the Precam-
brianmicrocontinents in the CAOBmost probably rifted from Gondwa-
na in the south, and then drifted northwards across the Paleo-Asian
Ocean during the Early Paleozoic.
6. Conclusions
(1) The Kulumuti metasediments were derived from a near source
dominated by Early Paleozoic igneous material and deposited
after the Middle Ordovician.
(2) The source materials of the Kulumuti Group experienced only
weak chemical weathering and involved a simple cycling history.
(3) The Altai-Mongolia terrane, including the Chinese Altai, has a
close tectonic afﬁnity to the Tarim Craton.
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